The application of focused ion beam (FIB) machining in several technologies aimed at microstructure fabrication is presented. These emergent applications include the production of micromilling tools for machining of metals and the production of microsurgical tools. An example of the use of microsurgical manipulators in a circulatory system measurement is presented. The steps needed to transform the laboratory fabrication of these tools and manipulators into a routine FIB production process are discussed. The ion milling of threedimensional cavities by the exact solution of a mathematical model of the FIB deflection is demonstrated. A good agreement between the model calculation and the ion beam control has been obtained for parabolic and cosine cross-section features with planes of symmetry. ᭧
Introduction

General overview
This paper discusses new applications or potential uses of focused ion beam (FIB) techniques in microstructure fabrication. The FIB method can be either an enabling technology or the main production method. The applications discussed in this article are considered to be an emergent, i.e. outside the realm of present commercial uses of the FIB. This is not intended to be an exhaustive review of FIB technology, however the references on specific topics are recent and give the reader the path to the current state of the subject.
The FIB technology is based on field emitted ions from a liquid metal ion source (Bell and Swanson, 1985) and on the formation and deflection of high resolution ion beams from that source (Orloff, 1993) . FIB have been used in numerous applications in experimental electronic and electro-optic device fabrication (Kalburge et al., 1997; Konig et al., 1998) . Significant research efforts have been made to achieve ion implantation (Musil et al., 1996; Crell et al., 1997) , device patterning (Gamo, 1991; Nagamchi et al., 1996) and FIB stimulated deposition of conductors and opaque films (Vasile and Harriott, 1989; Gross et al., 1990) 
Commercial applications
FIB technology has evolved in directions far beyond the originally perceived application of X-ray and photomask mask repair (Blauner and Mauer, 1993) . The mask repair remains a niche application at this time relative to the other uses that have been found for the technology. These uses include electron device fabrication, failure mode analysis in the integrated circuit (IC) manufacturing process (Nikawa, 1991) , reverse engineering in the IC industry, step-by-step diagnostics of IC fabrication, IC test modifications, TEM sample preparation (Ishitani et al., 1998; Saka, 1998) and magnetoresisitve head trimming. The application of FIB to the formation of the pole gap in magnetoresistive heads (MRH) is the only non-diagnostic commercial use of the FIB technology to date. The production procedures using sophisticated pattern recognition programs allow considerable flexibility and accuracy in the gap (or pole shape) formation. The MRH production requires high speed machining with sub-micron accuracy and resolution, and it is a serial process.
New applications of focused ion beam milling
There is a significant potential for producing other small objects in a serial process using FIB machining. Laboratory scale exploration of FIB microfabrication has been applied to three-dimensional shapes (Ishitani et al., 1990; Young, Micron 30 (1999) [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] 1993) and objects like scanning probe microscope tips (Vasile et al., 1991) . FIB machining is well suited to a rapid alteration of the existing microdevices, and can be either one critical single step in a more complex production process (as in the MRH application) or it can be the dominant process in a relatively simple production process. The first part of this paper explores the possibilities for the production of microtool bits for machining applications and microsurgical tools by FIB in modified serial processes. The application of the FIB manufactured tools in each of these cases has been successfully demonstrated, and the probability for use of such devices beyond proof of concept experiments is high, especially in the case of micromachine tools.
The production of microstructures by a high volume, batch processes is perceived to be the most economical and reproducible method. A high volume production method for microstructures is possible with molds fabricated by FIB machining. A three-dimensional control of the ion milling will be required in most mold-forming applications, e.g. as in molds for micro-optical lenses or other small-scale optical components. The FIB ion milling in such an application must be controlled to produce a cavity with a specific geometry in a material that will serve as a mold or as a master die in a hot pressing process. The embossing master has its origin as a cavity in the FIB milling process. The positive master is plated and released from the cavity in a manner similar to the production of embossing masters in the LIGA or the deep X-ray lithography process. The fundamental difference is that the FIB process has the potential to readily produce a mold with true three-dimensional shapes.
Control of the ion milling in three dimensions with the required accuracy and resolution is the challenge Ximen et al., 1990) . Our approach to this problem uses a mathematical model of the FIB sputtering process, which yields a variable ion milling time in a deflection pattern for the pre-specified geometry. Solutions obtained by the model depend strongly on the size of the pixel in the deflection control scheme vs. the ion beam dimensions, and also on the absolute sputter yields for the material and incident ion. These sputter yields must also be known as a function of the ion angle of incidence. The latter are the critical variables for ion milling a feature in three dimensions (such as a parabolic cavity) in addition to the mathematical methods used to obtain dwell times for the deflection. The technique under development in this laboratory uses the following scheme: (1) a particular ion milling geometric shape with specified depth is called for in a model routine; (2) the material, ion beam dimension, energy and current are the input data; (3) the model solves for a pixelby-pixel dwell-time array for the ion beam and passes this array to the control microprocessor; (4) the ion beam is then vector scanned through the deflection pattern for the dwell times in the array; and (5) the process is repeated if the ion milling procedure to the final geometry is broken down into several iterations.
The following sections describe the use of the FIB process to make microtools for ultra-precision machining applications; a variation of that process to make tools for microsurgical applications, and the three-dimensional ion milling that will be needed to make embossing masters or molds. The microtool fabrication process is an example of the FIB technique as an enabling technology. The microsurgical tools or manipulators are FIB end products, in a serial production process. The three-dimensional control of ion milling for mold or master fabrication is the least well-developed of the applications treated in this article, but significant progress has been made recently, and these results will be given. These results are of interest in their own right as ion beam-solid interaction studies, as a large part of the process relies on the use of accurate absolute sputter yields.
The FIB apparatus used in this work was constructed at AT&T Bell Labs, and is described in detail in the literature. (Harriott, 1987) The ion milling is done with 20 keV Ga ϩ ions field emitted from a liquid metal ion source, focused with a single three-element lens and deflected with the octapole rods, using a vector scan. The beam current is 2 nA with a spot size of 0.45 mm diameter full-width at half maximum (FWHM, Gauss distribution). The stage motion is 35 cm in X and 25 cm in Y, with an accuracy of 1 mm and a precision of 0.26 mm. Rotation of the substrates is done with an in-vacuum stepper motor through 40:1 reduction gears, giving 0.37Њ/pulse rotational resolution (Vasile et al., 1994) .
Microtools for ultraprecision machining
Modern air-bearing spindle machines equipped with high precision work tables are capable of machining to submicron precision by the conventional material removal processes. The ultimate feature size that can be machined with such devices is limited by the diameter of the rotating cutting tool and the relationship between the forces generated by this tool and the strength of the material. Previous work in this laboratory utilized FIB milling to produce nominal 25 mm diameter tool bits for an ultra-precision machining center, and the proof of concept experiments showed that complex curvilinear features with free-standing walls as thin as 8 mm could be machined in polymethyl methacrylate (PMMA) Vasile et al., 1996; Friedrich et al., 1997) . Tool fabrication for this work is a combination of diamond machining and FIB milling. The tool blank is tapered to a smooth 25 mm diameter cylinder in a diamond turning operation, and then facets are ion milled on the cylindrical surface, yielding extremely sharp cutting edges.
The apparatus necessary to produce these tools is a specially designed tool carrier which allows rotation of the tool blank through 360Њ by an in-vacuum stepper motor (Vasile et al., 1994) . The number of facets and their position on the tool and the amount of burnishing surface on the circumference of the tool is controlled by the amount of rotation of the tool blank and the chord subtended by the milling depth. A diagram showing the end view of the tool cross-section and the orientation of the ion beam is shown in Fig. 1 . The dimensions of the ion milling deflection field and the ion beam distribution are also indicated in Fig. 1 .
A perspective view of the tool facet milling process is also shown in Friedrich and Vasile, 1996 . Ion milling a facet on the tool blank must be done in a sequence that leaves sharp cutting edges on diametrically opposite sides of the tool, and the tool has burnishing surfaces left on it as indicated in Fig. 1 . These cutting edges must be ion milled on the tool blank with respect to the direction of rotation intended for the tool. A multi-faceted tool with no burnishing surfaces such as the five-cutting edge 'hex tool' (Fig. 3 in Vasile et al., 1998) can be rotated in either sense, and is named a bi-directional tool. The key factors to successful tool making by FIB techniques are the smoothness of the cylindrical surface of the tool blank and the facet cutting sequence. The sharpness of the cutting edge is shown in Fig.  2 , for a two-faceted tool.
The radius of curvature at the intersection of the facet surface with the cylindrical surface of the tool is less than 0.2 mm. The sharpness of this edge is simply a result of the method used in cutting the facet. The rounding effect at a feature boundary due to one-half the Gauss distribution of the ion beam is eliminated at this intersection as that portion of the ion beam is always intercepted on the top side of the tool surface as indicated in Fig. 1 . The efficiency of cutting the facet is also dependent on the sputter yield as the incident angle of the ion beam with the tool surface changes. An examination of Fig. 1 shows that the angle of incidence of the ion beam with the tool surface ranges from about 45Њ to normal incidence. (The convention is to reference the ion beam angle of incidence to the surface normal.) The sputter yield passes through its maximum value as the facet develops, and this function has a pronounced maximum at 77Њ as shown for 20 keV Ga ϩ on iron, in Fig. 3 .
The production rate and the sharpness of the cutting edges can be optimized by taking advantage of the function shown Fig. 1 . End view of the ion milling process used to make a two-faceted cutting tool. The ion beam deflection limits in the X direction are indicated and the ''edge effect'' of the spill-over from the ion beam intensity distribution is shown. The net effect is one sharp cutting edge and one rounded edge per facet. Typical tool diameter is 25 mm, and tools with up to six facets have been made and tested. in Fig. 3 . A commercially viable FIB production process for micromilling tools would require additional ion beam control elements such as a variable spot size, a multiple tool load (or a semi-continuous tool feeding mechanism) and a semi-automated ion milling/tool rotation procedure based on pattern recognition. The spot size of the ion beam can be large in the beginning stages of cutting the facet; there is no need for high spatial resolution at this point in the process, so a large focal spot with high current can be used to remove the material efficiently. A switch to a smaller spot size is required at the final stage of the milling to ensure that the image taken clearly indicates a completely milled facet. Small features at the bottom edge of the facet can be identified in the image if the ion milling is not complete, but this requires a beam with at least 0.4 mm FWHM. Cassette designs for multiple loads have been completed and programs for automated ion milling are under development in this laboratory. Two lens FIB columns capable of producing approximately 20 nA maximum current are commercially available. The use of automated procedures and a variable spot size ion beam will reduce the tool production time from 1 h (in the manual mode) to less than 3 min.
Applications of these tools in mechanical milling of PMMA have been reported to date, and new results from a collaboration with Sandia National Laboratories (SNL) has extended the list of materials to include brass, aluminum and mild steel. (Adams et al., 1985) The total length milled in metals for a single tool now exceeds several mm, and more recent results indicate that feed rates as high as 5 cm/ min can be achieved, making the practical applicability of machining processes with tools of the order of 25 mm diameter a reality. Tungsten carbide tool fabrication is also under way at SNL.
A new type of microcutting tool analogous to a shaping tool used in lathes can be made by the FIB process described above. These tools have not been reported before, and the typical pattern for an FIB milled shaping tool is shown in Fig. 4 . The radius of curvature of the cutting edge in Fig. 4 is approximately one micron, and the rake angle of tools made in this way is controllable. The application of the tool in machining processes is evident from its geometry: The tool is held rigidly and the surface to be machined is moved relative to the tool, once the depth of cut has been set. The tool shown in Fig. 4 has a 30 mm maximum depth of cut, and cuts a single groove of 18 mm width. Preliminary results for this type of machining indicate a very robust process in terms of tool life. Machining parameters such as maximum feed rate, depth of cut and materials have yet to be established, but the initial results show promise for a widely applicable and practical process. on Si. The absolute value of the ion yield at zero angle of incidence is also known to be within 2 and 3 atoms/ion for Si. 
Microsurgical tools and manipulators
A variation of the milling tool fabrication process has been applied to the manufacture of specialized manipulators for microsurgical experiments involving the circulatory system. Studying the circulatory system of small test animals (mice and rats) provides a set of challenges in the micro domain. There is the need to measure the pressure in arterioles and venules, and to observe the effects of the occluding flow in these small vessels, which are typically in the range of 15-5 mm in diameter. Present practice uses glass capillaries attached to manipulators. These glass capillaries are mechanically drawn to uniform thickness by a reproducible process, but their ends lack any specialized geometry and they are also fragile. The entire procedure is done with microscopic observation, and there is a need for better tools to stabilize the tissue surrounding the test vessel and for occlusion of the vessels. A program was initiated to ion mill specialized micromanipulators in stainless steel and to adapt an existing microsurgical manipulator to accept these devices. This research was carried out in collaboration with Dr. N. Harris of the Louisiana State Medical College (Shreveport, LA). Fabrication of the manipulators is a two part process. The first step is an anodic tapering of an inexpensive, commercially available stainless steel needle, so that the amount of ion milling required to achieve the final geometry is minimized. The anodic dissolution process is simple and very reproducible, yielding highly uniform starting geometry for all samples. The second step is ion milling using the rotational stage, with a deflection program that is adapted from the milling tool procedure shown in Fig. 1. Fig. 5 shows two view of a tissue stabilizer which is intended to limit the motion of small veins and arteries. A variety of devices based on the general concept embodied in been produced, and are shown in the literature .
The stabilization of the tissue surrounding a 15-mm diameter arteriole with a 90Њ stabilizer similar to the one shown in Fig. 5 is indicated in Fig. 6(a) . The tissue surrounding the arteriole must be prevented from moving so that a micropipette for the pressure measurement can be inserted in the arteriole. Fig. 6(a) is a still shot taken from a videotape of the surgical procedure as recorded by a CCD camera through a video microscopy system. The tissue surrounding the arteriole was stabilized without interfering with the blood flow through the arteriole, and the pipette was easily inserted. Occlusion of a 5-mm diameter capillary with a small FIB machined steel occluder was also accomplished during the same procedure, and the still shot showing stationary red blood cells within the capillary is shown in Fig. 6(b) . The distance between the blood cells at the time of occlusion is a measure of the leakage of water through the vessel wall into the surrounding tissue, and the red blood cell adherence to the capillary wall or unrestricted flow after resumption of circulation are critical variables to observe (Harris, 1996) .
The production of microsurgical manipulators of the type shown in Fig. 5 can be done rapidly and economically if a high current ion source referred to earlier is available. The spatial resolution needed can be met with a modest 0.5-mm diameter ion beam, and most of the material removal is done more efficiently with a larger, higher current beam.
A study of the production cost for microsurgical tools and micromilling tools made by the techniques described above is under way (Gray and Butler, 1998) . The barriers to economical production of milling tools or microsurgical manipulators are essentially the same. A semi-automated program is needed for executing the deflection required to produce the desired shape, detect completion of the ion milling and then step to the next blank. The cost of production is also balanced by the price the market will bear. A relatively high cost may be tolerated for a highly specialized geometry in a microsurgical tool, but it is not likely that a high cost of production will be tolerated in most applications for expendable tools such as rotating milling tools.
Ion milling of arbitrary three-dimensional shapes
The FIB milling or sputtering of single crystal substrates can produce cavities with variations in the depth dimension, i.e. three-dimensional features with geometry based on planes of symmetry or a rotational axis of symmetry . Parabolic, sinusoidal and hemispherical features were ion milled in Si (100) by a programmed dwell-time deflection scheme. Single crystal substrates are Fig. 7 . The elements of the modeling technique used to generate pixel dwell times in the ion beam deflection routine to create a three-dimensional cavity. The depth increment at the point (i,j) is indicated as DZ i,j which is the same increment solved for in Eq.(2). preferred for this work as the ultimate use of the cavity will be a mold with precise dimensions and a very smooth surface finish. Grain structure of polycrystalline materials is known to limit the surface finish and the dimensional resolution (Vasile, 1993) .
The technique of programming the ion beam deflection system to yield a specific geometric shape works well in principle, but it lacks absolute depth control. The reasons for the lack of depth control are in the assumptions implicit in the method: the first assumption is that the sputter yield is constant with an angle of incidence, and the second is that the ion beam intensity distribution is a constant (a delta function) and the ion beam is the same size as the pixel dimension. Neither of these situations occur; the ion beam used in this laboratory has a Gauss intensity distribution (to a first approximation) with a measured FWHM of 0.45 mm, and the pixel size in all deflection patterns is less than the ion beam FWHM. The consequence of ignoring the ion beam intensity distribution vs. the pixel size in the programmed deflection scheme is an error in the dose received by each pixel. The consequence of ignoring the change in sputter yield as the feature develops is a second additive error in the dose required to mill the feature. Neither of these factors are a source of error when milling a cavity with a rectangular cross-section, i.e. one with a constant depth, as is usually done in FIB machining.
A fundamentally different method to control the ion beam has been devised, based on a mathematical model of the combined deflection control and sputtering process . The cross-section and symmetry of the final geometry are first defined. An array of pixels in the deflection pattern is then assigned to the cavity to be milled. The final cross-section of the cavity is divided into several iterations (called loops) and the ion dose needed to mill from the starting surface to the first iterative surface is calculated. The dose is calculated pixel by pixel, accounting for the contribution from adjacent pixels, and angular variation in the sputter yield is also factored into the dose calculation. An example schematic for obtaining dwell-time solutions for a parabolic cavity with a plane of symmetry is illustrated in Fig. 7 .
Sputtering to the final parabolic cross-section labeled III is divided into three sub-intervals. Consider the dose needed to sputter from curve I to curve II when the ion beam is located at the deflection pixel (i, j). The dwell time at pixel (i, j) is solved for by knowing the sputter yield at the angle Q, and by accounting for the additional dose when the ion beam is resident at adjacent pixels. The solution to this problem for all pixels in the deflection scheme takes the form of a series of linear equations:
The depth increment at the (i,j) pixel can be expressed as:
where F(x,y) is the ion flux at (x,y), h the atom density of the solid, f(x,y) the ion beam intensity distribution function, S(u ) is the angle-dependent sputter yield and t k,l are the dwell times. Dx and Dy are unit increments along the pixel address scheme and the summation over the indices k, l accounts for dose received at (x i , y j ) from all pixels in the address scheme. The dwell time needed for the depth increment thus takes into account the contribution of ion flux from all pixels on the deflection plane, through the intensity distribution, f(x,y). The sputter yield is also adjusted on a point-to-point basis for the change in angle of incidence as the curves I and II in Fig. 7 are traced in the deflection field. The solution for each depth increment is obtained from a matrix relationship
where C k,l (i,j) is the local sputter relationship, t k,l is the dwell time and DZ i, j is the depth increment. An array of dwell times for the ion beam on the deflection field for the first loop is thus generated, and this array is then passed on to the microprocessor that controls the deflection hardware. The mathematical model is thus a real-time solution on the FIB control computer. The depth increments in Eq. (2) are computed such that the corresponding dwell times produce sputter depths that transform curve I to curve II in Fig. 7 , and so on until the final shape is reached. Absolute yields S(Q) at normal incidence were computed using the semi-empirical relationships of Matsunami et al. (1983) and the angular dependence of the sputter yields was calculated by the relationships given byYamaura et al. (1983) . The model solutions provided by the matrix inversion routine required to solve Eq. (2) were also verified as unique solutions.
Matrices of the order N 2 by N 2 are generated for a complete solution of Eq.(2), which restricts the size of the deflection field, i.e. the number of pixels in the X and Y directions in Fig.7 . Setting a limit to the overlap of the distribution function can reduce some of the computational complexity. Given a pixel dimension, D, and a value of s for a Gauss distribution, a limit of 5s was set for the overlap computation. If the distance between the pixel (i,j) and the pixel (k,l) is greater than 5s , then the contribution of the Gauss function from the position (k,l) to the position (i,j) is less than 3.7 × 10 Ϫ6 and treated as a zero element in the C matrix.
The accuracy of the model and the conformity of the sputtered cavity to the a-priori geometry depends upon the validity of the sputter yield, S(Q), and the accuracy of the approximation made to the true angle of incidence as shown in Fig. 7 . Fig. 3 shows that the sputter yield is zero when the angle of incidence is 90Њ, (grazing incidence) and a singularity results in the mathematics when this situation occurs. This is reached exactly in the model at the endpoints of a hemispherical cross-section, and it is reached approximately for parabolic cross-sections with high aspect ratios. A maximum angle of incidence was therefore set at 87Њ.
The SEM micrographs of a pair of independent parabolic ion millings with a plane of symmetry are shown in Fig. 8 . The solution called for in the model calculation was a parabola 3 mm deep at the deepest point on a 5 mm by 5 mm ion milling pattern in a 200-mm deflection field. A pair of features was milled as part of a repeatability test. The pixel size for the pattern is 0.39 mm (512 pixels for a 200-mm total scan) and the ion beam s is 0.26. Three intermediate surfaces or loops were used in the calculation to get from the initial planar surface to the final parabolic surface, as indicated in Fig. 7 . The pixel pattern for the ion milling procedure was only 13 × 13, which may be marginal for the kind of resolution required for microfabrication applications. Dimensions taken from the SEM image were corrected for calibration by a single scale factor (1.17), and plotted on the equation for a parabolic cross-section in the model. These results are plotted in Fig. 9 , which clearly shows very good conformity of the sputtered profile to the expected profile based on the model calculation. An error of^0.3 mm is estimated in the depth or Y dimension, and the X dimension must still be calibrated for the FIB.
Departures in the ion milled features from the model solution occur in two places. There is a small length along the bottom of the parabolic feature that is flat, from the midpoint (the origin on Fig. 9 ) to about 0.5 mm in either the positive or negative direction, and there are sharp-cornered features at the shallow ends of the parabola. The flat segment maybe due to some re-deposited material and the lack of resolution in the calculation may also account for both of these departures. Vertical striations on the sidewall of the Si substrate are an artifact of the ion milling procedure used to section the feature. Milling features with loop values ranging to ten did not improve the resolution of the feature or the conformity to the model. Similar agreement was obtained with parabolic milling of 5 mm deep features, using the same deflection parameters.
A cosine cross-section with two periods over 7.5 mm and a depth of 3 mm was solved for and ion milled in Si(100). The result of this milling is shown in Fig. 10(a) . The crosssection of the feature appears to be segmented rather than a smooth curve, and this is consistent with the relationship of the pixel size and the ion beam (0.49 mm pixel dimension and 0.45 mm FWHM ion beam). The ion milling removed excess material at the maximum in the cosine function, which indicates an error in the solution for the overlap contribution in this region. Fig. 10(b) shows the profile of the expected cosine curve from the model solution plotted with the experimental points taken from Fig. 10(a) . Error bars are omitted in Fig. 10(b) for the sake of clarity, but they are the same size as those in Fig. 9 . The general shape of the model calculation is obtained, and there is agreement between the ion milled depth and the model.
A comparison between the dwell-time array (the t matrix in Eq. (2)) and the shape of the ion milled feature or the desired cross-section in the model is instructive. The display of dwell-time solutions for a series of pixels for the feature cross-section will not reflect the geometry of the feature when the overlap or the angle correction is significant. Fig. 11 shows such a plot for the dwell times corresponding to the ion milling shown in Fig.10 , for five loops or surfaces. The largest corrections correspond to the side walls of the feature, where the angle of incidence is large and the sputter yield is high. The correction also becomes more significant as the required feature depth increases.
The results embodied in Figs. 8-11 show that the solutions of the model calculation actually control the ion beam deflection to produce cavities that replicate the desired geometry to a reasonable degree. The agreement in depth is probably as good as can be expected in view of the accuracy to which the sputter yield is known. The ion beam current must be constant over the entire sputtering process as well. A larger deflection field will most likely improve the resolution of the feature surface, i.e., the smoothness of the contours obtained. A method for factoring the C matrix Fig. 8 . Parabolic cuts ion milled in Si(100) using a 13 × 13 pixel array with 0.39 mm pixels. The depth called for in the model was 3 mm. Scale bar 1 mm. Fig. 9 . Plots of the parabolic profile for one of the features ion milled in Fig.  8 plotted with the expected parabolic profile called for in the model calculation. A single scale factor (1.17) was applied to the X and Y-axes to account for the calibration discrepancy between the FIB and the SEM.
has been worked out which reduces the computation from an N 2 × N 2 matrix to an N × N matrix, thus allowing very much larger deflection fields and smaller pixel sizes. Solutions from the factored matrix were determined to be identical to those previously obtained and there are pending experimental tests. The mathematical model developed in this study does not treat redeposition of sputtered material, which will alter the geometry of any high aspect ratio features, relative to the geometry called for in the model.
Summary
This article has treated focused ion beam applications that are essentially non-diagnostic, and potentially capable of producing microstructures. The route to production may be a direct one as in the application to microsurgical manipulators, or it may be an indirect one as in the production of micromilling tools. In both of these examples, the commercial application will depend on the development of automated sequences for pattern recognition, stage positioning and end point decisions. Ion milling time can reach acceptable limits with the use of a high current column. The ion milling of three-dimensional features with close dimensional control can be achieved for parabolas and for cosine functions with a plane of symmetry. Other symmetries have been coded but not tested yet. Further efforts are needed to improve the contours or surface finish obtained in this method and then the myriad of symmetries available will be ion milled. The final step to mass replication will also require development, but this is not envisioned as a major obstacle. Fig. 11 . A plot of the dwell times for the cosine milling in Fig. 10 . The dwell-time profile is plotted for each of the surfaces (loops) used in the calculation to arrive at the final surface.
